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Parallel conduction in 
semiconductors
 Electronic transport characterization in 
semiconductor materials is becoming 
increasingly difficult as multi-layer and 
multi-carrier materials become more com-
mon. Examples include multiply doped or 
compensated regions, doping non-uniformi-
ties perpendicular to the conduction plane, 
2D carriers at surfaces and interfaces, 
heterostructures, multiple quantum well 
structures, and materials with carriers pop-
ulating different conduction band minima or 
valence band maxima. The heterostructures 
can contain delta-doped layers only a few 
atoms thick sandwiched between many 
other layers. Knowledge of the transport 
properties of all carriers present can greatly 
aid understanding of new materials and 
devices, identifying processing problems, 
and reducing costs by identifying good 
material early in the fabrication process.
Standard measurements of the resistivity and Hall 
coefficient at a single magnetic field and temper-
ature are of limited use when applied to systems 
with prominent mixed conduction, since they 
provide only averaged values of the carrier con-
centration and mobility, which are not necessar-
ily representative of any of the individual species. 
Far more information becomes available if the 
magnetotransport experiments are performed as 
a function of magnetic field, because it is then 
possible to simultaneously characterize density 
and mobility for each of the multiple electron 
and hole species.
Review of Hall Measurement
The bulk material characteristics of interest are 
the resistivity, carrier density, and mobility. The 
first side bar presents a description of the dif-
ference between resistivity and resistance of a 
material. There are many methods for measuring 
sample sheet resistivity; most Hall measurement 
systems use either the van der Pauw or Hall bar 
method. The Hall bar method uses 1D current 
flow approximation, similar to the approxima-
tions outlined in the side bar. To convert the 
resistance reading to resistivity requires knowl-
edge of the physical size of the sample and 
where the contacts to the sample are made. 
The van der Pauw method is specifically 
designed to measure arbitrary 2D samples. The 
advantage of the van der Pauw method is that 
it is not necessary to know any physical dimen-
sions of the sample. The van der Pauw equation 
is used to calculate the resistivity from resistance 
measurements. This equation assumes point con-
tacts on the edge of the sample.[1]
Once the resistivity has been measured, the Hall 
resistance is measured. The mobility and carrier 
density can be determined from the Hall resist-
ance and the resistivity.
Consider a long thin material with resistivity 
ρ, connected to a battery as shown in Figure 1.
We will develop the model for 2D samples such 
as thin films. The carriers in the material, with 
charge q, move with a velocity v = µE, where µ
is the mobility and E is the electric field in the 
sample. The current density J, is the total charge 
per second per area. J is defined by J = nqv, 
where n is the volume density of all carriers in 
the material. Here v is assumed to be the same 
for all the carriers in the material. If a magnetic 
field is present in the z direction (out of the 
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paper in Figure 1), then the force on the carrier 
is qv × B. If B = (0,0,Bz), then the y component 
of the force is -qvxBz. Since no current can flow 
through the boundary (Jy = 0), this force must be 
balanced by an electrical force qEy, or Ey = vxBz
= JxBz/(nq). The Hall coefficient is defined as: 
  Eq. 1
The Hall resistance is Ey/Jx = RHBZ. This well-
known result, that the Hall voltage is propor-
tional to the magnetic field, is the basis for Hall 
magnetic field sensors. In our application, this is 
turned around and the Hall effect used with the 
known magnetic field to study the properties of 
the materials. 
The second side bar describes the difference 
between scalar and tensor forms of the resistiv-
ity. The mobility can be calculated as the ratio of 
the Hall coefficient to the resistivity, µ = RH/ρ,
and the carrier density can be calculated as 
n = 1/(q RH). The unique elements of the con-
ductivity tensor may be written as:
Eq. 2
  Eq. 3
Note that both charge (q) and the mobility (µ)
are signed quantities and defined such that signs 
of each are the same. Hence, σxx is always a posi-
tive quantity and σxy has the same sign as the 
charge of the carrier (for positive Bz).
For a single carrier, Equations 2 and 3 show that 
even though ρ and RH are independent of field, 
the conductivity will show field dependency. 
Figure 2 shows σxx(Bz) and σxy(Bz) for a single 
carrier with mobility 5 m2/(V s) and density 
1×1022 m-3, for fields to 1 T. The following gen-
eral properties of Equations 2 and 3 are listed:
1. σxy(0) = 0.
2. σxy(B) is an extremum at µB = 1.
3. σxx(∞) = 0 and approaches 0 as 1/B.
4. σxy(-B) = -σxy(B).
5. σxx is an extremum at B = 0.
The resistance of a piece of mate-
rial, for example as measured 
with an AC current resistance 
bridge, depends on the size of the 
sample measured. For instance, if 
you measure the resistance of 10 
cm of copper wire and 20 cm of 
the same diameter copper wire, 
the resistance of the 20 cm wire 
will be twice that of the 10 cm 
wire. Since both pieces of wire 
are copper, there is a property 
of copper that determines the 
resistance of any sized piece of 
copper. This property of copper 
is the resistivity. 
Figure A shows the relationship 
between the resistance (V/I) and 
the resistivity for a piece of wire 
of length l and radius r. The 
units of resistivity (ρ) are ohm 
m. We notice from Figure A some 
features that are very general 
beyond just the example of a 
wire. The first is that if we group 
the current (I) and the area of 
the cross section of the wire (πr2)
we get the current density J = I/
area. The second term is the volt-
age divided by the length. This 
is the electric field (V/m) in the 
copper wire. We can then write 
the equivalent of Ohm’s Law for 
a circuit, V = IR, for current flow 
in a bulk material E=ρJ. This is 
also written J = σE, where σ = 1/ρ
is the conductivity. The electric 
field and the current density are 
vector quantities (bold font), the 
consequences of which will be 
discussed later.
Suppose the wire in Figure A is 
replaced with a thin sheet of cop-
per. The relationship between 
resistance and resistivity can eas-
ily be obtained for this case. 
The area is now the thickness (t) 
times the width (w) of the sheet. 
ρ = (V/I)*t*w/l. The limit of 2D 
current flow can be described 
by taking the 3D equations and 
writing them as per unit thick-
ness. The resistivity in this case 
is then. ρ = V/I*w/l. This is a very 
interesting result. If the sam-
ple is a square, width equal to 
length, the resistivity is equal to 
the resistance, ρ = V/I, independ-
ent of the size of the square. If 
the sample is a rectangle, the 
resistance depends on the ratio 
w/l. For instance is w/l = 1/3, the 
measured resistance would be V/
I = 3*ρ, or three times the resist-
ance of a square. This feature of 
2D resistivity is reflected in the 
units used for 2D resistivity. The 
units of ρ are typically stated as 
ohm/sqr. This is sometimes con-
fusing when first encountered, 
because it is not ohm/square 
meter or any other length, but 
just the resistance of any size 
square of the material.
Resistance and Resistivity
Figure A.
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6. σxx has an inflection point at µB = 1.
7. σxx(∞) = 0 and approaches 0 as 1/B2.
8. σxx(B) > 0 for all finite B.
9. σxx(-B) = σxx(B).
Parallel Conduction 
Up to this point, we have assumed that the con-
ductivity of every elemental charged carrier in 
the material is the same. For most semiconduct-
ing materials this is not the case. Multiple carri-
ers can arise from a number of conditions, which 
we will give some examples of later. However, for 
now assume that it is possible to have multiple 
carriers in a compound semiconductor.
When a second through to Nth carrier is present 
in the material, it is assumed that each carrier 
acts independently and the conductivity of the 
carriers add (the carriers conduct in parallel just 
like parallel resistors):
 Eq. 4
Eq. 5
Figure 3 shows the same system as Figure 2 with 
a second carrier of mobility 2 m2/(V s) and den-
sity 1×1022 m-3. Figure 4 shows ρ and RH for this 
system, calculated from:
 Eq. 6
Eq. 7
Data, such as shown in Figure 4 and modelled 
with Equations 4 and 5, can be analyzed to find 
the number of carriers, the mobility, and den-
sity of each carrier. There have been a variety 
of methods proposed for this task, such as 
non-linear least squares and mobility spectrum. 
The method used here is Quantitative Mobile 
Spectrum Analysis[2] (QMSA®). Some advantages 
of QMSA® are that:
1. QMSA® determines the number of carriers 
as well as the mobility and density of each car-
rier. Traditional non-linear least squares methods 
would require the number of parameters as an 
input.
2.  QMSA® is self-starting, requiring no initial 
guess to find a solution.
The output from QMSA® is a plot of conductivity 
vs. mobility. The mobility is a continuous variable 
in QMSA®. Individual carriers appear in the spec-
trum as peaks (see for example Figure 6). From 
these peaks, assignments of mobility and density 
are made. The mobility is the centre of the peak 
and the conductivity is calculated from the area 
of the peak.
Examples of Parallel 
Conduction
Some examples of parallel conduction are: con-
duction in unique layers, material parameters 
Figure 2.
Figure 3.
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changing with strain in the layers, and multi-
valley conduction in bulk semi-conductors. 
Examples of each of these will be given.
An example of parallel conduction in unique 
layers is a pHEMT structure with a cap layer.[3]
There is a high mobility electron in the 2DEG 
formed in the channel of the pHEMT. In addi-
tion, there is a low mobility electron in the cap 
layer of the structure. For an InP pHEMT, Figure
5 shows the variable-field Hall data and Figure 6
shows the QMSA® spectrum for this data. Two 
electrons are identified from the spectrum, a 
low mobility carrier and a high mobility car-
rier. The assignment of the low mobility carrier 
to the cap layer and the high mobility carrier 
to the 2DEG requires more information than 
provided by QMSA®. This assignment comes 
from an understanding of the band structure of 
the material and the fabrication details of the 
device.
Another example of parallel conduction in 
unique layers is in AlGaN/GaN heterostructures 
as reported by Biyikli et al.[4] In this report, car-
riers were detected in the 2DEG as well as in the 
bulk material.
Sometimes the parallel conduction can be 
unintentional. If a device is constructed on a 
doped substrate, it is very possible that some 
of the current applied to the sample will con-
duct through the substrate. Typically, if the 
low conductivity path’s conductivity is 1% of 
the conductivity of a high conductivity path, 
Hall measurements can detect this parallel 
conduction.
Another example of parallel conduction is 
in strained layers.[5] In this case, the mobility 
changes with layers and is used to lattice match 
the materials. 
An example of parallel conduction in a bulk 
material is GaSb. Antimonide compounds, like 
GaSb, are used for optical applications. In 
GaSb the energy difference between the Γ
band and L band is typically less than 0.1 eV. 
Reported ranges are between 0.075 and 0.090 
eV. Hence, for temperatures above about 150 
K, both bands are occupied and contribute to 
the conduction in GaSb. Band theory calcula-
tions confirm that the Γ band electron mobili-
ty is higher than the L band electron mobility. 
This is an example of a bulk material that 
requires variable-field Hall and QMSA® to 
Figure 4.
Figure 5.
Figure 6.
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Ohm’s law has been stated as E =ρJ, and the 
resistivity ρ has been assumed to be a scalar 
quantity.  This means that the electric field 
and the current are parallel. This assump-
tion is not valid when the Hall effect is 
being studied. A current in the x direction, 
in the presence of a magnetic field in the 
z direction will generate an electric field in 
the y direction. There is also an electric field 
in the x direction due to the current in the 
x direction. 
To handle this case, the resistivity must 
become a tensor. A tensor is a more gen-
eral ‘proportionality’ constant between two 
vectors. It is usual to represent a tensor as 
a matrix. For instance, for a 2D problem, 
Ohm’s law would be written as a vector 
equation:
From very general thermodynamics 
arguments, developed by Onsager,[6] it 
is possible to derive these relationships 
from the elements of the resistivity 
tensor:
The diagonal element of the resistivity 
tensor is the same as the scalar resistivity 
present with no magnetic field. The off 
diagonal term is simply the Hall resistance, 
which in the 2D case is BzRH. This gives a 
simple result for the resistivity tensor for 2D 
Hall effect:
The conductivity is also a tensor. The 
conductivity is still the inverse of the 
resistivity. To obtain the conductivity 
tensor, the matrix inversion of the 
resistivity matrix must be found:
From Scalar Resistivity 
to Tensor Resistivity
understand the transport properties of the 
material.
Conclusion
The existence of parallel conduction in com-
pound semiconductors has increased the 
requirements for variable-field Hall measurement 
systems. No longer is a single-field Hall measure-
ment sufficient to determine the mobility and 
density of carriers in the material. Variable-field 
Hall measurement coupled with advanced analy-
sis gives a more detailed and precise understand-
ing of the transport properties of compound 
semiconductors.
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